| INTRODUCTION
Tropical rainforests are responsible for over 40% of global terrestrial photosynthesis (Beer, Reichstein, Tomelleri, & Ciais, 2010 ) and a large fraction (20%-50%) of this productivity is invested in production and maintenance of the forest canopy (Malhi, Doughty, Goldsmith, & Metcalfe, 2015) . Canopy biomass production (of leaves, flowers and fruit) is typically the largest component of net primary production (NPP) in tropical forests, and as a result, litterfall has been shown to be a good proxy for estimates of NPP on annual or multiannual scales (Malhi, Doughty, & Galbraith, 2011) . Moreover, the seasonal dynamics of the canopy carbon pool play a central role in controlling forest function; leaf turnover directly influences photosynthetic production (Myneni, Yang, Nemani, & Huete, 2007; Wu, Albert, Lopes, & Restrepo-Coupe, 2016) , and flower and fruit production strongly influence reproduction and forest succession. Given that the turnover rates of leaves and reproductive organs are also sensitive to exogenous changes in climate (Aragão, Malhi, Metcalfe, & Silva-Espejo, 2009; Chave, Navarrete, Almeida, & Alvarez, 2010; Wagner, Herault, Bonal, & Stahl, 2016) , they may also be good indicators of how the whole forest ecosystem responds to climate shifts. However, how canopy production responds to long-term changes or inter-annual variability in climate remains poorly explored, despite predictions of increasing climate variability and extremes, alongside long-terms trends towards hotter and seasonally drier climates in many parts of the tropics (Cai, Borlace, Lengaigne, & van Rensch, 2014; Duffy, Brando, Asner, & Field, 2015) .
Litterfall is comprised of three main components, leaves, reproductive material (flowers and fruits) and fine woody material (twigs, generally <2 cm diameter). Investment into photosynthetic production (leaves) is the largest of these three, with leaf fall typically comprising around 71% of total litterfall across South American tropical forests (Chave et al., 2010) . Investment into reproductive material is estimated to be typically only 9% of total litterfall in South American forests; however, there is much variance in this value among forests, with greater resource availability often leading to a larger allocation to the production of flowers and fruits (Chave et al., 2010) . Leaf and reproductive litterfall are highly seasonal within tropical humid forests and likely to be strongly influenced by intra-and inter-annual variability in climate, potentially leading to high variance over the short term (Chave et al., 2010; Girardin, Malhi, Doughty, & Metcalfe, 2016; Wagner et al., 2016) . However, determining if total litterfall and its components are controlled by particular exogenous climate drivers, or endogenous biotic controls, is complex as these variables are often cross-correlated (e.g. Wagner et al., 2016) . For example, the production of new leaves generally occurs at the transition from wet to dry season, as the forest creates new leaves with greater water-use efficiency and photosynthetic capacity to maximise dry season photosynthetic production or minimise pathogen and herbivory pressure (Carswell et al., 2002; Girardin et al., 2016; Wu et al., 2016) . However, the production of new leaves is also positively related to the abscission of old leaves, which can be triggered by low water availability and high evaporative demand in tropical forests (Bi, Knyazikhin, Choi, & Park, 2015; Borchert, Calle, Strahler, & Baertschi, 2015; Wright & Cornejo, 1990) , and negatively correlated with carbon investment in woody growth (Aragão et al., 2009; Doughty, Metcalfe, Girardin, & Amezquita, 2015; Wagner et al., 2016) .
The investments of carbon into canopy and woody growth components comprise the largest allocation of fluxes in tropical forest trees (Aragão et al., 2009; Malhi, Aragao, Metcalfe, & Paiva, 2009) , and their timing and magnitude are intrinsically linked. Woody growth is also strongly linked to water availability, with cell expansion being more sensitive to water restriction than photosynthesis (Körner, 2013) , and sometimes becoming dormant in periods of restricted water availability (Krepkowski, Brauning, Gebrekirstos, & Strobl, 2011; Makinen, Seo, Nojd, & Schmitt, 2008) . Seasonal growth restrictions may necessitate heavy carbon investment in woody tissue growth during wet periods, restricting investment into foliar production. As a consequence, in addition to its influence on overall productivity (Meir & Woodward, 2010) and its seasonal dynamics (Wagner et al., 2016) , water availability likely acts as a key control on the differential allocation of photosynthate to different tissues in tropical trees.
Restrictions in water availability are thought to act as a direct constraint on leaf turnover in tropical forests receiving <2,000 mm rainfall (Wagner et al., 2016) , although many studies contradict this, suggesting radiation rather than water is the key driver of litterfall patterns, even in drier tropical forests (Borchert et al., 2015; Girardin et al., 2016; Myneni et al., 2007) . Water limitation may also have a positive effect on reproductive output, potentially increasing production in dry tropical forests (Lohbeck et al., 2015) and driving mass flowering (masting) events in the ever-wet forests of SE Asia (Sakai, Harrison, Momose, & Kuraji, 2006) . Given the control of flowering and leaf turnover on long-term forest succession, productivity and seasonal dynamics, the response of litterfall to drought may act as a good indicator, or early warning signal, of the likely response of the whole system, from resistance, through resilience, to potential long-term shifts in behaviour (Hirota, Holmgren, Van Nes, & Scheffer, 2011; Scheffer, Bascompte, Brock, & Brovkin, 2009 ). For a new strong trade-off between investment in canopy production and wood production.
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carbon allocation, climate interactions, drought, ecophysiology, flowering and Fruiting, litterfall, tropical forest example, a long-term decline of flowering would suggest that the current species composition is not viable under long-term drought, and the system must shift to a new species composition. To determine such changes, long-term datasets are essential so that shortterm responses to a climatological disturbance can be disentangled from long-term effects which may permanently shift characteristic ecosystem functioning (Hirota et al., 2011; Lenton, 2011 ). Shortterm natural drought events, such as those which occurred across Amazonia in 2005, 2010 and 2015 (Feldpausch, Phillips, Brienen, & Gloor, 2016; Marengo, Tomasella, Alves, Soares, & Rodriguez, 2011; Phillips, van der Heijden, Lewis, & Lopez-Gonzalez, 2010) , may therefore be insufficient to assess the prolonged ecosystem response to climatic change. Long-term climate predictions favour some form of extended drought stress in Amazonia, through secular change and/or punctuated extremes (Boisier, Ciais, Ducharne, & Guimberteau, 2015; Duffy et al., 2015; Fu, Yin, Li, & Arias, 2013) , and so to understand their impact on carbon allocation to the forest canopy it is necessary to also explore the response to long-term reductions in water availability.
In this study, we present the one of the longest published time series of litterfall from a tropical forest (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) . We separate the litterfall into leaves, reproductive parts and twigs, and use a longrunning (14 years) large-scale (1 ha) soil moisture reduction experiment to contrast unmodified natural forest with long-term drought-stressed forest. Using these data, we examine: (1) the response to the initial (i.e. short-term) effect of a 50% reduction in canopy throughfall; (2) how the imposed soil moisture deficit alters long-term relationships among canopy production and seasonal and inter-annual growth and climate variables; and (3) whether current evidence indicates a longterm shift characterised by the forest re-stabilising a new functional state or whether there is a continuous change in litterfall following 15 years of soil drought stress.
| MATERIALS AND METHODS

| Site
The study plots are located within the Caxiuanã National Forest Reserve in the eastern Amazon (1°43′S. 51°27W). The site has a mean rainfall of 2,000-2,500 mm/year, a pronounced dry season between June and November, where rainfall is below 100 mm/month. The two plots are part of a long-term throughfall exclusion experiment (TFE).
The experiment consists of two 1 ha plots located on old growth terra firme evergreen forest on yellow oxisol soils (Ruivo & Cunha, 2003) .
The TFE plot has been covered with plastic panels supported at 1-2 m height which have excluded 50% of the incoming canopy throughfall from 2002 to present day (da Costa, Galbraith, Almeida, & Portela, 2010; Meir, Wood, Galbraith, & Brando, 2015; Rowland, da Costa, et al., 2015; Rowland, Lobo-do-Vale, et al., 2015) . To prevent lateral through-flow of water from the surrounding soil, the TFE plot was trenched to 1-2 m depth (see da Costa et al., 2010; Rowland, Lobodo-Vale, et al., 2015 for further details). Less than 50 m from the TFE plot a corresponding 1 ha control plot, also trenched in 2001, was set up, experiencing normal rainfall and no experimental throughfall exclusion. Litterfall has been monitored on these plots since 2001.
| Meteorological data
Precipitation, relative humidity, global solar radiation and air temperature were measured at the top of a 40-m tower located in the control plot. Air temperature, relative humidity, solar radiation and rainfall were monitored half hourly using HC2S3 and CM3 sensors, and a tipping bucket rain gauge (Campbell Scientific, Logan, USA), respectively. These data were available on an hourly time-scale from 2001 to 2016, gaps in the data <12 hr were filled using linear interpolation, gaps >12 hr were filled using the average value from the same time period in the three preceding and subsequent years. The percentage of gap-filled data per variable did not exceed 12.8%. Following this, data were averaged into monthly means, or monthly totals in the case of precipitation.
Soil moisture content was monitored on both the TFE and control plots. On each plot, a soil access pit was instrumented with volumetric soil water content sensors (CS616, Campbell Scientific, Logan, USA), placed at depths of 0, 0.5, 1, 2.5 and 4 m, and soil moisture was monitored every hour (cf. Fisher, Williams, Ruivo, & Da Costa, 2008 ; for full methodology). Values of volumetric soil water content values were converted into estimates of relative extractable water (REW) following the methodology of Meir et al. (2015) , using the lowest value from the TFE and the highest point from the control plot as the minimum and maximum reference points, respectively. REW was aggregated across the first 2 m of soil depth, and averaged into monthly values to correspond to the litterfall time series.
| Litterfall data
Litter was collected in litter traps arranged in a grid across the two plots. From 2001 to 2009, litterfall was collected on a monthly basis from 20 litter traps spaced evenly across the plots, and from 2009 onwards, it was collected on a two-weekly basis from 25 evenly spaced litter traps. Across this time period, litter-trap size varied from 0.25 to 1 m −2 . However, all data are standardised to 1 m −2 and presented on a monthly average basis, to remove effects of litter-trap size and collection frequency changes from our data. Litter was collected from all traps and sorted into leaf material, reproductive material (flowers and fruits), woody material <2 cm in diameter (twigs) and non-identifiable plant material, which comprised only a small fraction of annual litterfall, on average (3.7%). Following separation, the material was then dried to a constant mass in an oven and weighed to calculate biomass.
The availability of monthly litterfall data on each plot is shown in 
| Growth rate data
Mean plot-level stem diameter increment every 3 months from 2005 onwards was taken from Rowland, Lobo-do-Vale, et al. 2015) and converted to units of cm/day. To match these data, monthly litterfall was also converted to threemonthly averages. Accounting for the data gap in the litterfall time series (Figure 1a , Table S1 ), correlations between growth and litterfall were performed for 2010-2016. Litterfall and growth data between 2010 and 2016 were also converted to annual mean values to explore inter-annual trade-offs between investment in canopy and stem growth. 
| Statistical analysis
| RESULTS
The study area experiences a strong seasonality in moisture availability with rainfall, relative humidity and REW (control plot) increasing substantially during the 6-month wet season, which generally starts between December and January, and ends between June and July (Figure 1b,c) . Seasonality in global solar radiation (W/m 2 ) showed the opposite trend to precipitation, increasing in the dry season and declining in the wet (Figure 1b) . The artificially imposed drought on the TFE severely restricted REW (Figure 1a) ; wet season REW values on the TFE were below the dry season values on the control and the seasonal amplitude on the TFE was substantially smaller, although with greater proportional inter-annual variation.
The control plot had a total litterfall of 731 ± 35 g m −1 year −1 (Figure 2a ), 67% of which was leaf fall. During the first 4 years of the TFE experiment, total litterfall and leaf fall on the TFE were 650 ± 35 g m −2 year −1 and 430 ± 19 g m −2 year −1 , respectively, and this represented an overall reduction with respect to the control forest of 12% and 13%, respectively. In contrast, during the same period, reproductive litterfall was 54% lower on the TFE than on the control plot (56 ± 8 g m −2 year −1 , compared to 123±26 g m −2 year −1 ). From 2010 onwards, however, the reproductive litterfall on the TFE was on average greater than on the control (Figure 2d ). This resulted in reproductive litterfall changing from 9 ± 1% of total litterfall on the TFE during the first 3 years of the experiment to 15 ± 2% during the last 3 years of the experiment for which data are available all year (2012-2014, Figure 3 ). Intra-annual variability was also greatest in reproductive litterfall, which varied by c. 300% on the control and the TFE. Inter-annual variability in total litterfall on both plots remained low; however, reflecting low inter-annual variability in leaf and twig fall (Figure 2a,c) .
The high inter-annual variability in reproductive litterfall on the TFE was caused by a complete loss of the dry season peak in flowering and fruiting from August to October for the first 3 years of the experiment (2002) (2003) (2004) (2005) , Table 1 ). However, following 10 years of drought, reproductive litterfall on the TFE recovered, with a much stronger seasonal peak in September compared to the control forest (Figure 3b ). Leaf fall peaked before reproductive litterfall from June to July (Figure 3a,b ).
On the TFE, peak leaf fall declined to substantially below that of the control plot following long-term drought (1.8 ± 0.2 g m −2 day −1 and 2.3 ± 0.2 g m −2 day −1 , respectively, Figure 3a ). In the first 4 years of the experiment, however, peak leaf fall remained similar on both plots, but on the TFE it was more tightly restricted to July, declining sharply in October to create significantly lower leaf fall on the TFE during September to November relative to the control plot, and relative to the recent average leaf fall rate on the TFE (Figure 3a) . In contrast to the leaf and reproductive litterfall, there was little consistent or significant change in twig fall between the plots in terms of timing or mass ( Figure 3 ).
Strong shifts in seasonality of leaf and reproductive litterfall
on the TFE resulted in seasonal correlations with meteorological drivers (air temperature, radiation, air humidity and precipitation) being absent during the early stage of the experiment (2002) (2003) (2004) (2005) compared to the control forest (Table 1) . These seasonal relationships returned, however, in the latter years of the experiment (2012:2016) and were similar to those which exist on the control (Table 1) . However, the seasonal changes observed in the later stages of the TFE experiment for leaf and reproductive litterfall (Table 1) Data for plot level growth rate were available on a three-monthly basis (see Rowland, da Costa, et al., 2015) and correlations were performed between these values and three-monthly average litterfall data. On the TFE, mean plot-level growth rate came out as the strongest correlate of leaf fall (r 2 = .47, p < −.001, Figure 4a ), stronger than any other meteorological variable. In contrast, on the control plot, the strength of the correlations between leaf fall and growth rate remained low and less significant (r 2 = .17, p = .03, Figure 4a ).
Despite strong seasonal effects of meteorological drivers on litterfall, no significant correlations were found between mean annual meteorological drivers or REW and annual litterfall on either plot. However, on the TFE plot, there was a very strong annual trade-off between mean annual growth increment from 2010 to 2016 and mean annual leaf fall (r 2 = .91, p < .01), which was absent on the control plot ( Figure 5 ).
| DISCUSSION
Using one of the longest published time series of litterfall data collected in a tropical forest, we demonstrate that a decadal-scale re-adjustment of reproductive capacity took place following long-term drought stress between 2001 and 2016. Our data show an initial shock response following the imposition of the TFE treatment in 2002, when the production of reproductive organs dropped dramatically and there was a de-coupling between the seasonality of litterfall and climate. However, following more than a decade of drought stress, the reproductive litterfall rates recovered to be more than on the control plot and intra-annual litterfall patterns became re-coupled, and in some cases more strongly coupled, to seasonal climate variables. Following long-term drought, the TFE-treated forest developed a strong apparent trade-off between annual investment in canopy production and woody growth.
The production of flowers and fruit is hypothesised to be closely tied to resource availability, with restrictions in reproductive capability occurring on tropical forest sites with limited resources, such as soil nutrients (Chave et al., 2010) . This suggests that carbon investment into growth and survival, rather than reproduction, was favoured during the initial phases of the TFE, when the initial resource limitation was imposed. Following 8 years of the experiment and the start of high levels of tree mortality and biomass loss on the TFE (da Costa et al., 2010; Rowland, da Costa, et al., 2015) , carbon investment in reproductive litter production increased to levels slightly greater than those on the Control (Figure 2d ). This suggests that on a per tree basis there was progressively more relative investment towards the production of reproductive organs on the TFE, given the observed rise in mortality that led to a 20% loss of biomass on the TFE by 2008 (da Costa et al., 2010) , which subsequently increased sharply after 13 years to a 40% loss of biomass by 2014 . Such a response may be important for maintaining fitness if drier soils and reduced litter decomposition, and therefore, nutrient availability in the surface soil limit seed germination and increase seedling mortality rates (Engelbrecht, Comita, Condit, & Kursar, 2007; Poorter & Hayashida-Oliver, 2000; Poorter & Markesteijn, 2008) . Connections between reproduction and drought have already been made in the tropical forest literature, for example dry forests have been observed to have a greater reproductive effort than wet forests (Lohbeck et al., 2015) and short-term droughts are known to trigger mass flowering events in Asian aseasonal forests (Sakai et al., 2006) . However, we additionally demonstrate here that tropical moist forest trees exposed to soil drought-stress are able to this increased reproductive output may also be related to increases in within-canopy light availability following mortality of the largest trees (da Costa et al., 2010; Rowland, da Costa, et al., 2015) , and this may be driving more lower canopy trees to reproduce more abundantly.
Total annual litterfall and leaf fall (and implicitly canopy production)
showed surprising little change across the lifetime of the experiment (12%-13% lower than the control in early years and later years, see Figure 3 ) and continued to peak in the dry season, as found across many other Amazonian sites (Chave et al., 2010; Girardin et al., 2016; Wagner et al., 2016) . A previous shorter term TFE experiment in eastern Amazonia rainforest demonstrated an initial larger decline (23%) of litterfall during the third year of TFE treatment, followed by a reduced decline of 10% between the TFE and control in the fourth and final year of the experiment (Brando, Nepstad, Davidson, & Trumbore, 2008) . It is notable that both experiments demonstrate only a relatively small percentage change in canopy carbon investment (as measured by total litterfall) over their lifetimes, relative to a woody biomass loss of 18%-40% (Brando et al., 2008; Rowland, da Costa, et al., 2015) . This suggests that tropical forest trees prioritise the investment in canopy production during drought stress, perhaps to maximise photosynthetic gains and facilitate long-term re-adjustment to the new conditions.
Despite the relatively high rainfall on the site and the control plot not being limited by seasonal changes in water availability (Fisher, Williams, Da Costa, & Malhi, 2007) , REW still comes out as the strongest single correlate of reproductive litterfall seasonality and a significant contributor to leaf fall seasonality on the control plot and particularly on the TFE plot (during the latter stages, post 2009;
of Table 1 ). Interestingly, during the initial 4 years of the TFE, when seasonal patterns in leaf and reproductive litterfall changed substantially (Figure 3) , the correlations between all meteorological variables, leaf and reproductive litterfall were lost or substantially weakened (Table 1) . This indicates that the initial shock to the system may have decoupled the seasonal changes in carbon allocation on the TFE from the seasonal changes in climate, perhaps as a result of altering canopy turnover time. Following 2010, however, this coupling returned, with some seasonal correlations becoming stronger on the TFE than on the control plot (e.g. with radiation; Table 1 ). It seems likely therefore that this forest is showing signs of re-stabilising its pattern of carbon allocation following an initial climate shock and a breakdown in resistance, here exemplified by a large drop in biomass . The overall signal observed here may conceivably indicate a long-term shift towards a new ecological state characterised by alterations in the patterning of carbon allocation in response to climate.
Despite strong seasonal correlations existing between litterfall and climate ( Table 1 and Chave et al., 2010; Girardin et al., 2016; Wagner et al., 2016) , none of the meteorological variables analysed here at an annual time-step, or the soil moisture metric REW, were correlated strongly with inter-annual variability in leaf or reproductive litterfall. This is consistent with endogenous controls playing a larger role in determining significant changes in litterfall on annual time-scales and climate playing an indirect driving role though its influence on growth.
However, in the later years of the TFE experiment (2010 onwards), there was a very strong negative correlation between mean annual growth increment on the TFE plot with leaf fall ( Figure 5 ). This result suggests that following more than a decade of the TFE there is a very strong trade-off among years in the amount of carbon that can be invested in the canopy and in woody growth, indicating a potential decrease in overall carbon supply. On a seasonal time-scale, woody growth does correlate with leaf fall supporting the idea that there is a clear tradeoff between woody growth and investment in canopy growth (Aragão et al., 2009; Doughty et al., 2015) . However, the strength of this relationship is substantially higher in the TFE in the later years, compared to the control (r 2 = .47 and .17, respectively). Overall, these results indicate that carbon allocation trade-offs in the TFE-treated forest are stronger on a seasonal and annual time-scale, and play a far greater role than meteorology in controlling leaf carbon investment.
Using one of the longest published litterfall datasets from tropical forest, we demonstrate that following more than a decade of soil drought stress, canopy production, particularly of reproductive organs, undergoes an initial short-term rapid decline and then appears to slowly recover and re-stabilise to a position where average reproduction rates increase on the TFE, and leaf fall becomes tightly negatively correlated with tree growth on both seasonal and an interannual time-scales. These results are important as they show that over decadal time-scales of soil drought stress, this tropical rainforest appears to re-stabilise to a characteristic state where forest function is altered. Surviving trees improve reproductive capacity and potentially F I G U R E 5 Correlations between mean daily plot-scale woody growth increment (tree circumference expansion at 1.3 m height in cm day −1 ) and mean annual leaf fall (g m −2 day −1 ) on the control (a) and the TFE (b) here a linear line is shows a significant correlation p < .05 level, with the correlation coefficient on left hand side of the panel compensate for reduced germination rates and higher seedling mortality in drier soils. Furthermore, we demonstrate that there is likely to be a direct trade-off between carbon investments in wood and leaves resulting from limitations in carbon supply. Together with the data demonstrating new correlations between inter-annual climate variability and leaf or reproductive litterfall, our overall analysis suggests that endogenous drivers may ultimately be more important than climate in controlling variation in litterfall, the allocation of NPP to leaf or woody tissue production, and hence the nature of production in tropical forests.
